TAXONOMIC relationships of Australian bandicoots are still rather confused. The family Peramelidae is often used to include all bandicoot genera, though their precise interrelationships are the subject of much debate. It now seems that not only Macrotis (Archer and Kirsch 1977; Mahoney and Ride 1988; Kirsch et al. 1999 ) but also Chaeropus ( Tate 1948; Westerman et al. 1999 ) may, in fact, be distinct from all other bandicoots and constitute a separate family, Thylacomyidae. Even the relationships of the Australian bandicoot genera Isoodon and Perameles are by no means clear. With the exception of a single species, Isoodon macrourus, which is found in southern New Guinea (and which may represent a Pleistocene isolate), all members of the family are endemic to Australia (Strahan 1995) .
Members of Perameles share few or no derived character states with Isoodon (Groves and Flannery 1990) . Six species are recognised: four modern (P. bougainville, P. eremiana, P. gunnii, and P. nasuta; Seebeck et al. 1990 ) and two fossil (P. allinghamensis and P. bowensis; Muirhead et al. 1997) . P. bougainville, the western barred bandicoot, though formerly much more widespread, is now probably restricted to the islands of Shark Bay, WA. It is considered to have the most plesiomorphic dentition of the modern species, and until recently included four recognised subspecies (Friend 1990) . The desert bandicoot, P. eremiana, now thought to be extinct, is sometimes considered only an arid-adapted subspecies/form of P. bougainville (Strahan 1995) . Only the eastern barred (P. gunnii) and the longnosed (P. nasuta) bandicoots seem to be reasonably common today, and for P. gunnii this designation is limited to the Tasmanian populations. Indeed, little is known about the genetic relationships between Tasmanian and mainland populations of P. gunnii, though the mtDNA RFLP study of Robinson (1995) suggested that they were genetically dissimilar. For P. nasuta, two subspecies are often recognised: P. nasuta nasuta from the Australian east coast south of Townsville (Qld.), and P. n. pallescens from Townsville north to Ravenshoe (Strahan 1995) .
Taxonomic relationships within the genus Isoodon are much more complex. Although Isoodon is commonly divided into three species (I. auratus, I. macrourus and I. obesulus) (see Tate 1948; Ride 1970; Kirsch and Calaby 1977; Strahan 1995) , morphological variation within the genus has, from time to time, led to the recognition of up to ten (Iredale and Troughton 1934; Lyne and Mort 1981; Close et al.1990 ). Most of these are now regarded as subspecies of one or other of the main three listed above, and even the specific status of I. auratus is sometimes questioned. Thus I. macrourus and I. auratus each have three subspecies, whilst I. obesulus has five (Strahan 1995 Apart from this allozyme study, little molecular genetic work has been done on the relationships within and between these two bandicoot genera. The DNA hybridization studies of Kirsch and co workers (Kirsch et al. 1990; and the albumin study of Baverstock et al. (1990) , included only very limited Isoodon and Perameles exemplars. As part of a more extensive study of bandicoot phylogeny, we therefore decided to sequence 12S rRNA from all available taxa of these two genera to determine whether DNA sequencing might illuminate their relationships.
MATERIALS AND METHODS
The specimens used in this study covered most recognised species and subspecies of the family Peramelidae (sensu Groves and Flannery 1990) (Table 1) . We were unable to obtain DNA for the extinct lesser bilby (Macrotis leucura), the desert bandicoot (Perameles eremiana) or for the eastern Australian subspecies of P. bougainville. Details of DNA extraction, amplification and sequencing are as given in Westerman et al. (1999) . 12S rRNA sequences were aligned and identified as stem or loop partitions (Springer and Douzery 1996) and phylogenetic estimates were obtained using parsimony, weighted average distance and maximum likelihood methods implemented in PAUP* (Swofford 1998), PHYLIP v 3.5 (Felsenstein 1992) , WAVEBOOT (Krajewski et al. 1999 ) and the Quartet puzzling method of Strimmer and von Haeseler (1996) implemented in PUZZLE v 4.0. We have previously shown (Westerman et al. 1999; Westerman et al. in prep.) that there is no support for the two genera Macrotis and Chaeropus being members of Peramelidae , so these two taxa, along with representatives of the New Guinean genera Microperoryctes (M. longicauda) and Echymipera (E. kalubu) were used as outgroup taxa for all analyses. distinguishable partitions -stem and loop regions which have slightly different patterns of base evolution (see Springer et al. 1995) . 470 of our nucleotides are in stems regions and 500 in the genetically more variable loops. The sequence alignment is not shown but is available from the senior author on request or by electonic mail. Because we are using closely related genera and species, the sequence alignment was sufficiently obvious to allow use of all loop regions in our analyses. In order to retain correct pairing of nucleotides in stem regions of the 12S rRNA molecule, and hence correct three-dimensional structure, base substitutions occuring in stem regions require compensatory nucleotide changes at appropriate positions in the DNA sequence. In order to allow for these compensatory substitutions it is normal to downweight the value of nucleotide changes in stem regions 0.62 relative to loops. (Springer et al. 1995 . Both downweighting and transversion parsimony analyses gave identical tree topologies to the unweighted parsimony tree. A tree in which P. bougainville was posited as a member of a monophyletic genus Perameles, was only two steps longer than the most parsimonious one, with the Kishino-Hasegawa (1989) test giving t = 1.4149, P = 0.1574 ( not significant).
RESULTS

The
Quartet puzzling and ML analyses gave identical trees ( Fig. 1 ) in which the same three lineages are apparent. Once again, other than a clear separation of an I. macrourus clade (97% bootstrap support) from the other Isoodon exemplars, there is little resolution within the genus. Kishino-Hasegawa tests comparing the best heuristic ML tree with the alternative in which Perameles is constrained to be monophyletic again indicated that the best tree was not significantly better (difference in -lnL = 1.3088, sd = 1.8437, P = 0.478).
The FITCH tree constructed using weightedaverage distances ( 
DISCUSSION
Systematics
Relationships within and between the two Australian bandicoot genera Perameles and Isoodon have been the subject of much morphological research (see Groves and Flannery 1990; Close et al. 1990 for references) yet there remains much uncertainty. Thus, while it is clear that they are sister genera in a family Peramelidae, they appear to share few or no derived morphological character states with each other. Molecular evidence suggests that neither Macrotis (Archer and Kirsch 1977; Baverstock et al. 1990; Kirsch et al. 1990 Kirsch et al. , 1997 nor Chaeropus (Westerman et al. 1999) are closely related to them.
Four species of Perameles are currently recognised, though the desert bandicoot, P. eremiana is now presumed extinct. Tate (1948) suggested that there were two possible species groups within this genus, one containing P. bougainville and P. eremiana (if indeed the latter was a valid species), the other containing the two eastern Australian species, P. gunnii and P. nasuta. Although we have no sequence data for P. eremiana, our data confirm the marked genetic difference between P. bougainville and the other two species. Unfortunately P. bougainville was not included in any earlier molecular studies, so no comment can Table 2 . Weighted average distances between Isoodon, Perameles and outgroups. Sample locations are given in Table 1. be made on allozyme, albumin or DNA hybridization differences.
Perameles nasuta has two recognised subspecies -P. n. nasuta and P. n. pallescens. Our study included exemplars of both, the former from N.S.W. and the latter from Iron Range on Cape York (Qld.). The sequence difference between these two subspecies (2.1%) is of the same magnitude as that seen between other bandicoot and dasyurid subspecies (see Blacket et al. 1999; Westerman et al. submitted) . In contrast, there was little sequence divergence between the Victorian and Tasmanian samples of P. gunnii. The latter observation is consistent with the lack of morphological differences and the small cytochrome b divergence (Westerman unpublished) between the two forms, but contrasts with the marked (2.2 -2.5% for total mitochondrial DNA digested with 10 six-base cutters) RFLP differences between them noted by Robinson (1995) .
The taxonomy of Isoodon is much more complex. Up to eleven separate species have been recognised in this genus, though many have been reduced to subspecific status within either I. macrourus, I. auratus or I. obesulus. Our study included exemplars of all taxa except I. a. auratus and I. a. arnhemensis. Although the results showed a well supported, monophyletic genus Isoodon, substructuring within the genus was less apparent. Support for an I. macrourus clade was very strong (97% bootstrap), in accord with the clear morphological differentiation of I. macrourus from other species in the genus (Lyne and Mort 1981) . Within the I. macrourus clade, I. m. torosus was sister to I. m. moresbeyensis + I. m. macrourus (which were themselves resolved at > 60%). 12S rRNA sequence divergence between the three recognised subspecies ranged from 1 -1.6% (mean 1.17 + 0.30%). These values are consistent with the recognition of the three forms as subspecies (Tate 1948), though we note that skull morphology alone could not separate them ( Lyne and Mort 1981 p 129) . We also note that Close et al. (1990) found little allozyme differentiation between exemplars of I. m. macrourus and I. m. torosus (Nei's genetic distance @ 0.1) based on 16 variable loci from the 23 investigated. A more detailed study using more variable loci and including all three subspecies will be necessary to fully elucidate their status. Apart from the delineation of this I. macrourus clade, 12S provides little resolution of relationships within Isoodon.
Isoodon obesulus peninsulae was the most allozymically distinct lineage of I. obesulus among the animals examined by Close et al. (1990) , having Nei's genetic distances of between 0.30 and 0.35 from other I. obesulus samples. However, neither allozyme differences nor 12S divergences between I. o. peninsulae and the other I. obesulus exemplars (0.58 + 0.25%) are sufficient to warrant its recognition as a separate species as suggested by Lyne and Mort (1981) . Indeed there is little support from the 12S rRNA sequence data for continued recognition of I. o. peninsulae as a distinct subspecies, though we note that 12S rRNA may not be a gene that is well-suited to resolving relationships at this low level.
The relationships and status of the golden bandicoot, I. auratus, to other Isoodon taxa are also unclear and the subject of much debate. Thomas (1904) suggested that I. auratus (Ramsey 1887) was a small form, allied to I. obesulus, whilst Tate (1948) simply included it as a subspecies of the latter. In the original description of bandicoots from Barrow Island, Western Australia, Thomas (1901) said that they were a small, insular form of the mainland I. obesulus, but that characters such as more developed palatal vacuities warranted their recognition as a separate species, I. barrowensis. Various authors since then, including Wood Jones (1922), Iredale and Troughton (1934) , Tate (1948) , and Lyne and Mort (1981) , have agreed with this designation. Other workers (e.g. Strahan 1995) simply recognise the Barrow Island animals as a subspecies of I. auratus (I. a. barrowensis). Although we did not include other I. auratus in our present study, the 12S rRNA sequences show little difference between our I. a. barrowensis and I. obesulus samples. The 12S divergence between them (0.72 + 0.31%) is not significantly greater than that between different individuals of the same subspecies for either I. macrourus or I. obesulus (0.53% and 1.1% respectively) or between recognised I. obesulus subspecies (see below). Preliminary results of Pope et al. (pers. comm) using mitochondrial control region sequences, generally considered as being more useful in resolving low-level genetic relationships such as subspecies, not only give a tree with very similar topology to our 12S tree, but also suggest a close genetic relationship between Barrow Island animals and I. o. fusciventer from Western Australia. It is of interest that the allozyme study of Close et al. (1990) showed that I. a. barrowensis was more similar to southeastern I. o. obesulus populations than to Western Australian samples. Thus the current molecular evidence does not support continued recognition of I. a. barrowensis as a taxon distinct from West Australian I. obesulus. Moreover, molecular data are consistent with the morphological observations of Thomas (1901) and of Lyne and Mort (1981) that showed a closer resemblance of Barrow Island skulls to I. obesulus than to I. auratus. The small size of these island animals may have little genetic basis, as suggested by the observation that Barrow Island bandicoots translocated on to the mainland during conservation reintroduction programmes, grow appreciably bigger than their island relatives after only a short time (Christensen and Burrows 1995) .
Similarly, our 12S sequence data suggest that there is little support for the continued recognition of the Tasmanian members of I. obesulus as a separate subspecies, I. o affinis. Our single exemplar of this taxon consistently nests within the mainland representatives of I. o. obesulus from Victoria and shows very little genetic difference from them (p = 0.68 + 0.38%). The uncorrected distances between the sequences for all other recognised I. obesulus subspecies are not significantly different from the observed between-individual values. In summary, our only clear finding with respect to Isoodon is for a division into two species-lineages, I. macrourus and I. obesulus.
Evolution
Although the Oligo-Miocene (25 Mya) rainforests of northern Australia had insectivorous/omnivorous perameloids as one of their most common faunal components (Archer et al. 1994) , these were predominantly, if not exclusively, members of an older form of bandicoot (Muirhead and Filan 1995) which form a sister clade to extant species (S. Wroe pers. comm). Representatives of modern bandicoot taxa do not seem to be present in faunal assemblages before the mid-Miocene (15 Mya), when the ancient types underwent a decline coincident with the dramatic faunal turnover associated with major climatic shifts following the uplift of Papua New Guinea. The magnitude of the 12S rRNA sequence differences between Isoodon and Perameles (4.48 + 0.42%) suggests that these two genera diverged from one another in the Late Miocene (about 8 million years ago). This time estimate is based upon a change of about 0.57% per million years for 12S rRNA sequences determined for dasyurid marsupials (Krajewski et al. accepted) . Such a divergence date is consistent with the Late Miocene -Early Pliocene estimate (5.5 Mya) from albumin MC'F data (Baverstock et al. 1990) , as well as with the fossil record. Fossils of both genera are known from Early Pliocene faunal assemblages such as Bluff Downs, Bow, and Sunlands (Archer 1976; Archer et al. 1994; Muirhead et al. 1997 (Archer et al. 1994; White, 1994) . Moreover, Perameles species such as the plesiomorphic P. allinghamensis and P. bowensis were present at these sites.
The divergence between Perameles and Isoodon seems to have occurred at about the same time as that of the two New Guinean bandicoot genera, Microperoryctes and Echymipera, and some 4 -5 million years after the divergence of Australian and New Guinean bandicoots in the mid Miocene (Westerman et al. 1999) . These divergence times are in good agreement with those obtained from DNAhybridization by Kirsch et al. (1997) . The late Miocene divergence of Isoodon from Perameles occurred slightly later than the tribal radiations of dasyurid marsupials which Krajewski et al. (accepted) estimated at some 11 -16 million years ago in the mid-Miocene. As for dasyurids, however, cladogenesis in modern bandicoots appears roughly concommitant with the replacement of inland forests with more mesic and xeric habitats. The subsequent radiation within Perameles, giving rise to P. gunnii and P. nasuta, occurred at about 4 million years ago in the Early Pliocene, during a time of brief resurgence of forests. It is perhaps significant that today P. nasuta is generally found in rainforest and wet and dry woodland and its ancestors may have reinvaded such habitats.
The mid to late Pliocene was characterised by significant cooling and the beginnings of uplift in the Banda Arc over Timor both of which affected the climate and vegetation patterns in Australia (White 1994). Speciation within Isoodon that gave rise to the I. macrourus and I. obesulus groups seems to have occurred in the mid Pliocene (3 Mya), again as suggested by Kirsch et al. (1997) , but further radiations within each lineage took place in the late Pliocene or early Pleistocene. This was a time when the climate became generally much drier (even arid) over much of Australia and forest and woodland communities were much more restricted in distribution. Although there were some some marked fluctuations in the Quaternary between extremes of cooler-drier versus warmer-wetter periods (White 1994), the major habitat effects were the spread of grasslands and expansions-contractions of forest boundaries. Diversification within each Isoodon lineage appears to have been concommitent with these changes.
